Biofilms are composed of surface-attached microbial communities. A hallmark of biofilms is their profound tolerance of antimicrobial agents. While biofilm drug tolerance has been considered to be multifactorial, our findings indicate, instead, that bacteria within biofilms employ a classical regulatory mechanism to resist the action of antimicrobial agents. Here we report that the transcriptional regulator BrlR, a member of the MerR family of multidrug transport activators, plays a role in the high-level drug tolerance of biofilms formed by Pseudomonas aeruginosa. Expression of brlR was found to be biofilm specific, with brlR inactivation not affecting biofilm formation, motility, or pslA expression but increasing ndvB expression. Inactivation of brlR rendered biofilms but not planktonic cells grown to exponential or stationary phase significantly more susceptible to hydrogen peroxide and five different classes of antibiotics by affecting the MICs and the recalcitrance of biofilms to killing by microbicidal antimicrobial agents. In contrast, overexpression of brlR rendered both biofilms and planktonic cells more tolerant to the same compounds. brlR expression in three cystic fibrosis (CF) isolates was elevated regardless of the mode of growth, suggesting a selection for constitutive brlR expression upon in vivo biofilm formation associated with chronic infections. Despite increased brlR expression, however, isolate CF1-8 was as susceptible to tobramycin as was a ⌬brlR mutant because of a nonsense mutation in brlR. Our results indicate for the first time that biofilms employ a specific regulatory mechanism to resist the action of antimicrobial agents in a BrlR-dependent manner which affects MIC and recalcitrance to killing by microbicidal antimicrobial agents.
B
iofilms are composed of microorganisms attached to a solid surface and encased in an exopolysaccharide matrix of their own synthesis (17, 19, 44) . One of the most important hallmarks of bacterial biofilms is their high tolerance to antimicrobial agents and components of the host immune system. This characteristic is considered the root of many persistent and chronic bacterial infections and renders biofilms extremely difficult to control in medical and industrial settings (18) . Infections caused by bacterial biofilms are persistent and very difficult to eradicate and have been associated with a number of medical conditions, including periodontal disease, endocarditis, osteomyelitis, cystic fibrosis (CF), and indwelling-device-related biofilm infections (18) . Bacteria living in biofilms can be up to 1,000 times more tolerant to antibacterial compounds than their planktonic counterparts. For instance, chlorine (as sodium hypochlorite), an oxidizing biocide that is considered to be one of the most effective antibacterial agents, has been shown to require a 600-fold higher concentration to kill biofilm cells of Staphylococcus aureus than that required to kill planktonic cells of the same species (41) . Biofilm antimicrobial tolerance is distinct from commonly known mechanisms such as plasmid-borne resistance markers or resistance conferred by mutation (22, 27, 40, 43, 66) , indicating that the mechanisms involved in biofilm resilience to antimicrobials may differ from the mechanisms responsible for antimicrobial resistance in planktonic bacteria.
Although several mechanisms have been postulated to explain reduced susceptibility to antimicrobials in bacterial biofilms, the current notion is that biofilm drug tolerance is multifactorial, as only a combination of different mechanisms could account for the level of resilience to antimicrobial agents observed in biofilm communities. The tenacious biofilm phenotype is believed to arise from a multiplicity of factors, including reduced metabolic and divisional rates (6, 7, 26, 64) , starvation-induced growth arrest (52) , the presence of persister cells that neither grow nor die in the presence of microbicidal antibiotics (12, 36, 37, 61, 63) , and restricted penetration of a biofilm by antimicrobials (5, 14, 23, 40, 56, 65, 66, 70) . However, recent reports suggest that bacteria within these microbial communities are physiologically distinct from planktonic bacteria, expressing specific protective factors such as multidrug efflux pumps and stress response regulons (7, 22, 27, 42, 43, 57, 58, 66, 67) . Furthermore, quorum sensing (QS), required for the formation of the biofilm architecture (20) , has been shown to play a role in drug tolerance. Biofilm bacteria in which QS was blocked either by mutation or by administration of QS inhibitory drugs were sensitive to treatment with tobramycin, in contrast to bacteria with functional QS systems (11) . The findings indicated that biofilms themselves are not simply a diffusion barrier to these antibiotics but rather that bacteria within these microbial communities employ distinct mechanisms to resist the action of antimicrobial agents. This is further supported by findings that young Pseudomonas aeruginosa biofilm cells can be effectively eradicated with a combination of piperacillin and tobramycin, while old biofilm cells are less susceptible to these antibiotics (7) , indicating that biofilm drug tolerance may coincide with the developmental stage or maturity of the biofilm (16) . This is supported by recent findings suggesting that the formation of biofilms occurs in a regulated and stage-specific manner (2, 57, 58, 62) .
We therefore hypothesized that biofilm tolerance of antimicrobial agents is part of a regulated developmental process and thus would require an identifiable set of genetic determinants. Here we found the transcriptional regulator BrlR (PA4878), a member of the MerR family of transcriptional regulators that activate the expression of multidrug transporters upon binding of the transporter substrate, to be expressed in a biofilm-specific manner and to be essential for the drug tolerance of P. aeruginosa biofilms. To our knowledge, this is the first description of a MerRlike regulator, expressed in a growth mode-dependent manner, playing a role in the antimicrobial tolerance of a Gram-negative bacterium. Our findings challenge the current dogma that biofilm drug tolerance is multifactorial in nature and distinct from mechanisms employed by planktonic bacteria. Instead, our findings suggest the existence of a classical, biofilm-specific mechanism of drug tolerance in P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and culture conditions. All of the bacterial strains and plasmids used in this study are listed in Table 1 . P. aeruginosa strain PAO1 was used as the parental strain. All planktonic cultures were grown in Luria-Bertani (LB) broth in shake flasks at 220 rpm. Biofilms were grown as described below at 22°C in 20-fold-diluted LB broth. Antibiotics were used at the following concentrations: 50 to 75 g/ml gentamicin and 200 to 250 g/ml carbenicillin for P. aeruginosa and 20 g/ml gentamicin and 50 g/ml ampicillin for E. coli. Where necessary, Escherichia coli cultures were grown in LB broth in the absence or presence of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG).
Strain construction. Isogenic mutants were constructed by allelic replacement with sucrose counterselection as previously described (60) using the gene replacement vector pEX18Gm (33) . Complementation and overexpression of brlR (PA4878) were accomplished by placing the respective genes under the control of an arabinose-inducible promoter in the pJN105 vector (50) . The primers used for strain construction are listed in Table S1 in the supplemental material. Reverse transcriptase PCR (RT-PCR) was performed to confirm brlR expression in the ⌬brlR/pJN-brlR mutant and PAO1/pJN-brlR. When PAO1/pJN-brlR was grown in LB medium without arabinose, the brlR transcript was detectable at low levels (suggesting a leaky promoter or the presence of arabinose in LB medium) while brlR expression increased in the presence of 0.5% arabinose (see Fig. S1 in the supplemental material). Similar results were obtained with the ⌬brlR and ⌬brlR/pJN-brlR mutants (not shown). Under the condition tested, no This study pminiCTX-PbrlR-lacZ brlR promoter reporter construct in mini-CTX-lacZ using PbrlR-lacZF/R primers; Tet transcript was detected in P. aeruginosa PAO1/pJN105 grown planktonically in the absence or presence of 0.5% arabinose (see Fig. S1 ). Planktonic cell antibiotic susceptibility testing. To determine the role of BrlR in antimicrobial susceptibility, P. aeruginosa strains grown planktonically in LB medium at 37°C to the exponential and stationary phases were treated with tobramycin (50 g/ml) for 1 h or 0.3% hydrogen peroxide for 30 min and subsequently homogenized, serially diluted, and spread plated onto LB agar. Viability was determined via CFU counts. Susceptibility is expressed as log reduction. The MICs to tobramycin, norfloxacin, chloramphenicol, kanamycin, tetracycline, and trimethoprim were determined by 2-fold serial dilution in LB broth using 96-well microtiter plates. LB broth was used 10-and 20-fold diluted. The antibiotic concentrations used ranged from 0.02 to 200 g/ml. The inoculum was ϳ10 4 cells per well, and the results were read after overnight incubation at 37°C. The MIC was defined as the lowest antibiotic concentration that yielded no visible growth. To ensure overexpression of brlR, PAO1/pJN-brlR was grown in the presence of 0.5% arabinose. PAO1/ pJN105 was used as a control.
Biofilm formation. For biofilm antibiotic susceptibility testing, biofilms were grown in a continuous-flow tube reactor system (1 m of size 13 Masterflex silicone tubing; Cole Parmer, Inc.) with an inner surface area of 25 cm 2 and in flow cells (BioSurface Technologies) which also allowed for the analysis of biofilm architecture as previously described (55, 58, 59) . Biofilms were grown at 22°C in 20-fold-diluted LB medium. To ensure the overexpression of brlR, PAO1/pJN-brlR was grown in the presence of 0.1% arabinose. Quantitative analysis of confocal scanning laser microscopy images of flow cell-grown biofilms was performed with a Leica TCS SP5 confocal microscope and COMSTAT (32) .
Biofilm antibiotic susceptibility assays. Biofilms grown for 1 and 6 days under flowing conditions (0.1 ml/min) were treated for 1 h under flowing conditions with the following antimicrobial agents: tobramycin (50 to 150 g/ml), norfloxacin (450 g/ml), chloramphenicol (50 g/ml), kanamycin (150 g/ml), tetracycline (100 g/ml), trimethoprim (150 g/ml), and hydrogen peroxide (0.3%). Following exposure of biofilms to the respective antimicrobial agents, biofilms were harvested, homogenized, serially diluted, and spread plated onto LB agar. Hydrogen peroxide was neutralized by the addition of 100 mM sodium thiosulfate. Viability was determined via CFU counts. Susceptibility is expressed as log reduction. Under the conditions used, a total of 5 ϫ 10 8 CFU were detected, on average, per biofilm tube reactor following 1 day of biofilm growth, which increased to 1 ϫ 10 10 and 7.2 ϫ10 10 following 3 and 6 days of growth, respectively.
The MBC (minimal bactericidal concentration) for a biofilm is defined as the minimal concentration of antibiotic required to kill all of the bacteria in a preformed biofilm. To determine the MBC for a biofilm, a microtiter dish assay was used as described by Wozniak et al. (75) , with a few modifications. Briefly, for the microtiter dish assay, overnight bacterial cultures were subcultured in fresh LB medium, the optical density was adjusted to 0.05, and the bacteria were added to the wells of microtiter dishes (25 l per well with 150 l medium). The plates were incubated for a total of 72 h with spent medium being removed and replaced with fresh medium every 12 h. Following 72 h of growth, the medium was replaced with medium containing the antibiotics and the plates were incubated for an additional 24 h. The antibiotic-containing medium was then removed and replaced with fresh antibiotic-free medium, the plates were incubated for an additional 24 h (during which time any viable cells in the biofilm grew and replenished the planktonic population), and the medium was finally assessed for viable cells. The antibiotic tobramycin was applied over a range of 0.3 to 400 g/ml.
The biofilm MBC has been defined as the concentration at which no further increase in the log reduction is observed (47, 48, 73) . To determine whether BrlR affects the biofilm MBC and resistance to killing, PAO1 and ⌬brlR mutant biofilms were grown for 3 days, after which time the medium was switched to the same medium containing increasing concentrations of tobramycin or norfloxacin ranging from 0.5 to 400 g/ml. After 24 h of exposure to the antibiotic under continuous flow at 0.1 ml/min, biofilms were harvested and the surviving bacteria were enumerated. To determine recovery following 24 h of treatment, the medium was switched back to antibiotic-free medium. Following 24 h of incubation under flowing conditions, biofilms were harvested and the surviving bacteria were enumerated.
LacZ fusion analysis of brlR expression in P. aeruginosa grown attached in microtiter dishes. The ␤-galactosidase activity of strains harboring the brlR promoter reporter was determined using the Miller assay (46) with the following modification. Instead of using total cells, ␤-galactosidase specific activity was determined using protein extracts obtained as previously described (62) . An extinction coefficient for o-nitrophenyl-␤-galactopyranoside cleavage at 420 nm of 4,500 nl/nmol/cm was used.
Quantitation of cell death in biofilm populations following treatment with tobramycin. To quantify the differences in cell death in biofilm populations inactivated in or expressing brlR prior to and following tobramycin treatment, biofilms grown for 6 days were first stained with the LIVE/DEAD BacLight stain and then separate images were acquired for SYTO 9-and propidium iodide (PI)-stained biofilm cells by using two distinct fluorescence channels. PI staining was used as an indicator of cell death. Biofilms were treated for 24 h with tobramycin. The resulting images were analyzed by COMSTAT.
Quantitative RT-PCR (qRT-PCR).
Isolation of mRNA and cDNA synthesis were carried out as previously described (3, 4, 55, 62) . qRT-PCR was performed using the Eppendorf Mastercycler ep realplex (Eppendorf AG, Hamburg, Germany) and the KAPA SYBR FAST qPCR kit (Kapa Biosystems, Woburn, MA) with oligonucleotides listed in Table S1 in the supplemental material. mreB was used as a control. The stability of mreB levels were verified by determining 16S rRNA abundance using primers HDA1/HDA2 (45) . Relative transcript quantitation was accomplished using the ep realplex software (Eppendorf AG) by first normalizing transcript abundance (based on the cycle threshold value) to mreB and then determining transcript abundance ratios. Melting curve analyses were employed to verify specific single product amplification.
Statistical analysis. Student's t test was performed for pairwise comparisons of groups, and multivariate analyses were performed using a 1-way analysis of variance (ANOVA followed by a post-priori test using Sigma Stat software.
RESULTS
Previous analysis using a proteomic approach resulted in the identification of PA4878 encoding a probable transcriptional regulator (62) . The protein was detectable by two-dimensional PAGE in cell extracts obtained from 1-, 3-, and 6-day-old P. aeruginosa PAO1 biofilms but absent from cell extracts obtained from planktonic cells. Subsequent analysis by RT-PCR confirmed that the gene is expressed in biofilms but absent from planktonic cells grown to the exponential and stationary phases (Fig. 1A) . For reasons indicated below, we named the gene for PA4878 brlR (for biofilm resistance locus regulator).
BrlR is a member of the MerR family. BLAST analysis revealed BrlR to be homologous to regulatory proteins belonging to the MerR family of transcriptional regulators. Members of this family include proteins involved in regulating resistance to oxidative stress, heavy metals, and antibiotics (13, 68, 69) . Moreover, BrlR was found to be most similar to those MerR transcriptional regulators that function as multidrug transporter activators, including Mta, BltR, and BmrR of Bacillus subtilis and TipA of Streptomyces lividans, which activate the expression of multidrug transporters upon binding of the transporter substrate (9, 13, 54, 77) . These multidrug gene regulators have in common homologous N-terminal DNA binding domains but differ in their variable C-terminal modulation or "coactivator" binding domains involved in modulating the transcriptional activation of MerR proteins and/or their target genes in response to an inducer(s) (Fig. 1B) (30, 31, 54) . Similar to other MerR regulators, the homology of BrlR to BmrR, TipA, and Mta was limited to the DNA binding domain, with BrlR being 93% similar to TipA, 92% similar to BmrR, and 91% similar to MtaN. In addition, amino acid residues that contribute to the core of the DNA binding domain of MtaN are conserved in BrlR (Fig. 1C) (29, 49) . Due to the similarity of BrlR to MerR multidrug transporter activators, we hypothesized that BrlR plays a role in resistance. However, while MerR transcriptional activators have been extensively studied with respect to their mechanisms of activation and regulation, they have not been linked to biofilms and biofilm drug tolerance.
Inactivation of brlR has no effect on the susceptibility of P. aeruginosa planktonic cells to antimicrobial agents. To determine whether BrlR plays a role in antimicrobial tolerance, we generated a ⌬brlR deletion mutant using an unmarked, nonpolar deletion strategy (33, 60) . Inactivation of brlR did not affect the susceptibility of P. aeruginosa cells grown planktonically to exponential phase to tobramycin (50 g/ml) and 0.3% hydrogen peroxide ( Fig. 2A and C) . Similarly, no difference in log reduction was observed for P. aeruginosa wild-type and ⌬brlR mutant cells grown to stationary phase when treated with tobramycin or hydrogen peroxide (Fig. 2B and D) .
While inactivation of brlR had no effect on the susceptibility of planktonic cells to antimicrobial agents, overexpression of brlR rendered planktonic cells grown to exponential phase more tolerant to tobramycin. Cells overexpressing brlR remained significantly more tolerant to tobramycin, as indicated by the decrease in log reduction of PAO1/pJN-brlR compared to that of PAO1 ( Fig.  2A) . Similar results were obtained for the ⌬brlR and ⌬brlR/pJNbrlR mutants grown to stationary phase (Fig. 2B) . Likewise, cells overexpressing brlR were also significantly less susceptible to 0.3% hydrogen peroxide (Fig. 2C and D) . The difference in susceptibility was not due to differences in growth, as deletion and overexpression of brlR had no effect on P. aeruginosa grown in broth (see Fig. S2 in the supplemental material).
Antimicrobial tolerance is the ability of a microorganism to grow in the presence of an elevated level of an antimicrobial agent, as indicated by an increased MIC. To further determine the contribution of BrlR to antibiotic tolerance, MIC studies were carried out. In particular, five different classes of antibiotics, including norfloxacin, chloramphenicol, tetracycline, tobramycin, kanamycin, and trimethoprim, were used. MICs were determined by 2-fold serial broth dilution in LB medium using 96-well microtiter plates and an inoculum of ϳ10 4 cells per well. For all of the antibiotics tested, no difference in the MIC, which is defined as the lowest antibiotic concentration yielding no visible growth, was observed when PAO1 and the ⌬brlR mutant were compared (Table 2). While inactivation of brlR had no effect on the MICs of various antibiotics, the MICs for strains expressing brlR (PAO1/ pJN-brlR and the ⌬brlR/pJN-brlR mutant) were 6-fold higher for tobramycin and chloramphenicol, and 4-fold higher for tetracycline, trimethoprim, and norfloxacin ( Table 2 ). The findings strongly support the biofilm-specific expression of brlR and further suggest that BrlR contributes to the antimicrobial tolerance of P. aeruginosa, probably by altering the MIC.
BrlR plays a role in the drug tolerance of P. aeruginosa biofilms. While MerR transcriptional activators have been extensively studied with respect to their mechanisms of activation and regulation, they have not been linked to biofilms and biofilm drug tolerance. We therefore asked whether BrlR plays a role in biofilms. Inactivation of brlR did not affect the attachment, formation, or architecture of P. aeruginosa biofilms as determined by confocal microscopy, COMSTAT analysis, and CFU determination ( Fig. 3A; Table 3 ). However, while still capable of forming biofilms with the characteristic P. aeruginosa architecture, ⌬brlR mutant biofilms did not develop high-level biofilm-specific drug tolerance, as evidenced by the finding that treatment of mature, 6-day-old P. aeruginosa wild-type and ⌬brlR mutant biofilms with tobramycin (20 g/ml) for 1 h resulted in a 0.2-log reduction of wild-type biofilms but a 1.8-log reduction of ⌬brlR mutant biofilms, respectively (not shown). Similar results were obtained when 1-day-old wild-type and ⌬brlR mutant biofilms were treated with tobramycin (100 g/ml) for 1 h, resulting in a 0.4-log reduction of wild-type biofilms but a 3.5-to 4-log reduction of ⌬brlR mutant biofilms, respectively ( Fig. 4A; see Fig. S3 in the supplemental material).
The increased susceptibility of ⌬brlR mutant biofilms was not limited to tobramycin. Instead, inactivation of brlR coincided with a significant increase in log killing upon treatment with norfloxacin, trimethoprim, tetracycline, kanamycin (Fig. 4C) , and chloramphenicol (not shown) compared to that of wild-type biofilms. Moreover, ⌬brlR mutant biofilms were more susceptible to treatment with hydrogen peroxide (Fig. 4B) .
Since ⌬brlR mutant biofilms were more susceptible to antimicrobial agents than PAO1 biofilms were and overexpression of brlR increased MICs but reduced the susceptibility of planktonic cells to various antimicrobial agents ( Fig. 2; Table 2 ), we hypothesized that increased expression of brlR will also render biofilms more tolerant. In most cases, no reduction in CFU counts was observed for PAO1 overexpressing brlR (PAO1/pJN-brlR). Instead, an increase in CFU counts was detected (Fig. 4A) . Expression of brlR in ⌬brlR mutant biofilms restored drug tolerance to wild-type levels ( Fig. 4B; data not shown) .
Together, the findings indicate that BrlR contributes to drug tolerance only under biofilm growth conditions, suggesting that BrlR is a regulator responsible for the recalcitrant phenotype of P. aeruginosa biofilms.
BrlR contributes to drug tolerance in a manner independent of growth, colony morphology, Psl production, and periplasmic glucans. Differences in drug susceptibility have been attributed to differences in growth, colony morphology, and the production of Psl polysaccharide (15, 24, 38) . Curves of growth in liquid media suggested that the difference in susceptibility between the wildtype and ⌬brlR mutant strains was not a result of a general increase in the growth rate (see Fig. S2 in the supplemental material) . Moreover, no difference in colony morphology or Psl polysaccharide production following inactivation or overexpression of brlR was observed (Fig. 3B and C) . Moreover, no difference in motility (swimming swarming, twitching) was observed (not shown). Similar results were obtained by Wagner et al. (74) . In addition, the authors did not detect differences in elastase, protease, or rhamnolipid production between a ⌬brlR mutant and the wild type (74) . Periplasmic glucans have been reported to sequester tobramycin and other aminoglycosides in the periplasm (42) . ndvB, which is required for the synthesis of periplasmic glucans, was therefore tested as an indicator of differential production of periplasmic glucans using qRT-PCR. ndvB expression was detected in strain PAO1, the ⌬brlR mutant, and cells overexpressing brlR, with the ⌬brlR mutant expressing the highest level of ndvB (Fig. 3D) . BrlR plays a role in P. aeruginosa biofilm resistance to killing. While the hallmark characteristic of biofilm populations is their increased antimicrobial tolerance, recent reports suggest that biofilm drug tolerance describes an increased resistance of biofilm cells to killing (39, 63) . To address the question of whether BrlR affects resistance to killing, we examined the effect of brlR expression on attached cells by using MBC assays. Biofilms were formed in microtiter dishes and treated for 24 h with tobramycin, and then the number of viable cells remaining following treatment was determined. However, no difference between the wild-type and ⌬brlR mutant strain responses to tobramycin treatment was noted. The finding suggested that BrlR either does not contribute to the resistance of biofilm cells to killing or, alternatively, that brlR is not expressed when bacteria are grown attached in microtiter plates, which is contrary to brlR expression in biofilms formed under flowing growth conditions (Fig. 4) . We therefore employed chromosomal transcriptional fusion constructs and determined the ␤-galactosidase activity of attached cells grown in microtiter plates. Compared to a vector control, no increase in ␤-galactosidase activity was found using Miller assays (see Fig. S4 in the supplemental material), further supporting the finding that brlR is not expressed in microtiter plate-grown attached cells.
To further address the question of whether BrlR affects biofilm MBC or, alternatively, resistance to killing, we made use of tube reactor-grown biofilms, shown to express brlR, and the two antibiotics tobramycin and norfloxacin. The P. aeruginosa wild-type and ⌬brlR mutant strains were grown for 3 days, after which time the medium was switched to the same medium containing increasing concentrations of tobramycin ranging from 0.5 to 400 g/ml. After 24 h of exposure to the antibiotic under continuous flow, biofilms were harvested and the surviving bacteria were enumerated. The biofilm MBC has been defined as the concentration at which no further increase in log reduction is observed (47, 48, 73) . With P. aeruginosa wild-type biofilms, no further increase in log reduction was observed at concentrations higher than 75 g/ml tobramycin following 24 h of treatment. Higher concentrations resulted in neither an increased log reduction nor complete killing of P. aeruginosa wild-type biofilms (Fig. 5A) . In contrast,
FIG 4 BrlR contributes to drug tolerance of biofilm cells. (A)
Inactivation of brlR resulted in 1-day biofilms with significantly increased susceptibility to tobramycin (100 g/ml). Overexpression of brlR restored their susceptibility to tobramycin to the wild-type level. (B) Inactivation of brlR resulted in 1-day biofilms with significantly increased their susceptibility to 0.3% hydrogen peroxide. Expression of brlR in the ⌬brlR mutant restored its susceptibility to hydrogen peroxide to the wild-type level. (C) Increased susceptibility of the ⌬brlR mutant biofilm formed after 1 day was observed with tetracycline (Tet; 100 g/ml), kanamycin (Km; 150 g/ml), norfloxacin (Nor; 450 g/ml), and trimethoprim (Trim; 150 g/ml). Biofilms were treated for 1 h. **, significantly different (P Ͻ 0.001) from PAO1 as indicated by ANOVA and SigmaStat. *, significantly different (P Ͻ 0.001) from PAO1 as indicated by t test.
complete killing of ⌬brlR mutant biofilms was accomplished following treatment with tobramycin concentrations exceeding 30 g/ml (Fig. 5A) . Similar results were obtained when biofilms were treated with increasing concentrations of norfloxacin ( Fig. 5C and  D) . Total killing of ⌬brlR biofilm cells was achieved at 20 g/ml of norfloxacin, while PAO1 biofilms maintained a steady level of survivors through the highest concentrations tested (Fig. 5C) .
The findings indicated that the tobramycin and norfloxacin MBCs for biofilms of P. aeruginosa defective in brlR expression were ϳ4-fold lower than for wild-type P. aeruginosa biofilms. In addition, P. aeruginosa wild-type biofilms were overall more resistant to killing by tobramycin and norfloxacin than ⌬brlR mutant biofilms, from which no viable cells were recovered at concentrations exceeding the biofilm MBCs.
Considering that biofilms have been described as up to 1,000 times more resistant to antimicrobial agents than their planktonic counterparts, the biofilm MBCs obtained here appear to be low. However, we believe this to be related to the manner in which the antibiotics are delivered to the biofilms under the conditions tested, as biofilms are continuously exposed to a certain concentration of antibiotics under flowing conditions. This is supported by the finding that P. aeruginosa strains harboring a gentamicin resistance cassette (e.g., PAO1/pJN105) are capable of growing in the presence of Ն75 g/ml gentamicin in batch culture but are unable to grow and form biofilms at concentrations exceeding 3 g/ml under the flowing conditions used for biofilm MBC determinations. It is important to note that at this concentration (3 g/ml), 100% of the bacteria recovered from the biofilms are gentamicin resistant, indicating that differences in susceptibility under the conditions tested are not due to loss of the plasmid pJN105. Taking into account the increased susceptibility (Ͼ25-fold) of otherwise recalcitrant P. aeruginosa strains under flowing conditions, the ability to resist a concentration of 75 g/ml suggests a Ͼ600-fold greater drug tolerance of P. aeruginosa when it is grown as a biofilm than when it is in the planktonic mode of growth.
brlR expression contributes to survival following antibiotic challenge. While wild-type biofilm cells survived exposure to tobramycin and norfloxacin at concentrations exceeding the biofilm MBCs, no viable cells were recovered from ⌬brlR mutant biofilms. The findings suggested a role for BrlR in resistance to killing by antimicrobial agents. To determine whether tobramycin treatment indeed resulted in the killing of ⌬brlR mutant biofilms, wildtype and ⌬brlR mutant biofilms treated with 50 g/ml tobramycin for 24 h were allowed to recover for an additional 24 h under flowing conditions in the absence of tobramycin. Following recovery, the P. aeruginosa PAO1 biofilm population increased from ϳ10 5 cells/ml to up to ϳ10 8 cells/ml. ⌬brlR mutant biofilms, however, demonstrated very little recovery. No viable cells were detected in seven out of eight trials, with one ⌬brlR mutant biofilm showing 6 ϫ 10 2 CFU/ml following recovery (Fig. 5E ). Taken together, our findings strongly support a role for BrlR in biofilm drug tolerance by affecting the biofilm MBC and resistance to killing.
Effect of brlR expression on killing of biofilm bacteria. To visualize the effect of brlR inactivation on viability following antimicrobial treatment, biofilms were grown in flow cells and subsequently stained with the LIVE/DEAD BacLight viability stain to distinguish cells that are alive from those considered to be dead. Confocal images of biofilms thus stained were acquired prior to and following treatment with tobramycin for 24 h. Prior to tobramycin treatment, the overall percentages of the biofilm population stained with PI were similar in wild-type, ⌬brlR mutant, and brlR-overexpressing biofilms (Fig. 5F ). Tobramycin treatment, however, resulted in a significantly increased population of dead cells located in the interior of microcolonies of ⌬brlR mutant biofilms (Fig. 5F ). The effect of tobramycin treatment on PAO1 biofilms was less pronounced, with very few cells staining with PI. In contrast, no change in PI staining was observed in biofilms overexpressing brlR (Fig. 5F) .
Increased brlR expression contributes to drug tolerance in CF clinical isolates. To determine if BrlR-dependent drug-tolerant phenotypes are selected during chronic infections, we next asked whether differential brlR expression and BrlR-dependent tolerance are detectable in clinical isolates. We therefore selected three clinical P. aeruginosa isolates that were previously recovered from a single patient suffering from CF, namely, CF1-2, CF1-8, and CF1-13 (53) . Analysis of these three CF isolates by Southern blot analysis using a 741-bp PstI-NruI fragment derived from the upstream region of exotoxin A demonstrated that they originated from the same parental strain (53) . Similar results were obtained by serotyping using Difco antisera (53) . On the basis of their colony morphology on agar, the three clinical isolates have been described as classical, rough, and mucoid. While no significant difference in growth in liquid, motility, pyocyanin production, or other biochemical reactions was found by biotyping, the isolates differed with respect to their antibiograms obtained by using Kirby-Bauer disk susceptibility assays. Isolate CF1-8 was found to be susceptible to chloramphenicol and trimethoprim-sulfamethoxa- The number of viable ⌬brlR mutant cells was below the detection limit at the highest concentrations of tobramycin tested. (B) Biofilm susceptibility to tobramycin as determined by log reduction. Total killing of ⌬brlR mutant biofilm cells was achieved at 40 g/ml of tobramycin. In contrast, P. aeruginosa PAO1 biofilms maintained a steady level of persisting survivors at concentrations higher than 40 g/ml of tobramycin. (C, D) Biofilm susceptibility to norfloxacin was determined similarly. Error bars denote standard deviations. (E) Inactivation of brlR eliminates resistance to killing of P. aeruginosa biofilms. Biofilms (3 days old) formed by wild-type PAO1 and the ⌬brlR mutant were treated with 50 g/ml of tobramycin under continuous flowing conditions for 24 h and then allowed to recover under flowing conditions in the absence of tobramycin for 24 h. Viable cells were collected and enumerated after the recovery period. CFU counts were obtained from biofilm tube reactors having an inner surface area of 25 cm 2 . Lines indicate the difference between the highest and lowest numbers of viable cells recovered, while bars represent the distribution between the mean and median of the replicates. **, significantly different (P Ͻ 0.001) from untreated biofilms. (F) Biofilms formed after 5 days by wild-type PAO1, PAO1/pMJT1, the ⌬brlR mutant, and the overexpresser PAO1/pMJT-brlR-V5/6ϫHis were treated with tobramycin under continuous flow for 24 h. The effect of tobramycin was examined using LIVE/DEAD BacLight viability stain. Images for PAO1 and the ⌬brlR mutant were acquired with the same microscope settings. The percentages of the biofilm population stained with PI prior to and following treatment with tobramycin were quantitated using COMSTAT. **, significantly different (P Ͻ 0.001) from PAO1 as indicated by ANOVA and SigmaStat. White bars, 100 m.
zole, while CF1-2 was susceptible to only chloramphenicol (53) . The antibiogram of CF1-13 was not determined.
We first determined brlR expression by qRT-PCR. In contrast to brlR expression in P. aeruginosa PAO1, its expression in these three strains was detectable under both planktonic and biofilm growth conditions and was up to 8-fold higher than that in P. aeruginosa PAO1 biofilms, with the highest expression levels detected in mucoid isolate CF1-13 (Fig. 6A) .
Treatment of clinical isolates CF1-2 and CF1-13 grown to exponential phase with tobramycin indicated a susceptibility lower than that of PAO1 (Fig. 6B) . Similar results were obtained following tobramycin treatment of biofilms for 1 h (Fig. 6B) . Despite increased brlR expression levels, however, no difference in the susceptibility of clinical isolate CF1-8 under planktonic growth conditions and that of PAO1 was noted. Instead, biofilms of isolate CF1-8 were found to be significantly more susceptible to tobramycin than P. aeruginosa PAO1 biofilms and to be as susceptible as ⌬brlR mutant biofilms (Fig. 4 and 6B) .
To further determine the contribution of BrlR to the antimicrobial tolerance phenotypes of the three clinical isolates, MIC studies were done with norfloxacin, chloramphenicol, tobramycin, kanamycin, and tetracycline. Regardless of the antibiotics tested, no difference between the MICs for PAO1 and isolate CF1-8 were observed (Table 4 ; see Fig. S5 in the supplemental material), even though brlR expression levels were higher in this isolate than in PAO1 under planktonic conditions. In contrast, the MICs for clinical isolates CF1-2 and CF1-13 were, on average, 2-to 10-fold higher than those for PAO1, depending on the antimicrobial agents tested (Table 4; BrlR in CF clinical isolate CF1-8 is nonfunctional. The finding that the clinical isolate CF1-8 was comparable in susceptibility to the ⌬brlR mutant despite elevated brlR expression raised the question of whether the brlR gene in this strain encodes a func-
FIG 6
While brlR is overexpressed in clinical CF isolates under both planktonic and biofilm growth conditions, isolate CF1-8 is more susceptible to tobramycin under biofilm growth conditions. (A) brlR transcript abundance was determined by qRT-PCR in clinical isolates grown as biofilms for 3 days and in planktonic culture. Transcript levels were normalized to PAO1. (B) Susceptibility determination of P. aeruginosa PAO1 and clinical CF isolates grown planktonically and as biofilms (1 day). Planktonic cells were treated with 50 g/ml tobramycin for 1 h, while biofilms were treated with 100 g/ml tobramycin for 1 h under flowing conditions. **, significantly different (P Ͻ 0.001) from PAO1 as indicated by ANOVA and SigmaStat. tional BrlR. We therefore cloned and sequenced the brlR gene from clinical isolates CF1-8 and CF1-13 and compared the sequence to brlR obtained from PAO1. The analysis revealed a nonsense mutation (CAG ¡ UAG) in the CF1-8 sequence at amino acid position 88 (262 bp) that results in translation termination at the end of the N-terminally located DNA binding domain (Fig. 1B  and 7A ). Considering that MtaN from B. subtilis, which is composed of only the N-terminal DNA-binding and dimerization domains of MerR family member Mta, is a constitutive, transcriptionally active, 109-residue truncation mutant protein (29, 49) , we next asked whether the N-terminal DNA-binding domain of BrlR alone is capable of restoring the drug tolerance phenotype of ⌬brlR mutant biofilms by complementing the mutant with the N-terminal DNA binding domain of BrlR (⌬brlR/pMJT-brlR-N). While truncated BrlR was found to be as soluble as intact BrlR (data not shown), the complemented ⌬brlR mutant (⌬brlR/ pMJT-brlR-N) was as susceptible as a ⌬brlR mutant in the absence or presence of the empty vector ( Fig. 7B; see Fig. S3 in the supplemental material).
The findings indicate that the truncated BrlR protein is not functional. Moreover, the findings indicate that clinical isolate CF1-8 harbors a nonfunctional BrlR which, despite elevated levels of brlR expression, is not capable of contributing to the recalcitrant phenotype of this strain. The finding was further supported by the observation that overexpression of brlR in clinical isolate CF1-8 resulted in 2-to 4-fold increases in the MICs of norfloxacin, chloramphenicol, tobramycin, kanamycin, and tetracycline (Table 4).
Inactivation of brlR renders CF clinical isolate CF1-13 but not CF1-8 more susceptible to tobramycin. To further confirm a role for BrlR in the drug tolerance phenotypes of these clinical isolates, isogenic ⌬brlR mutants of clinical isolates CF1-8 and CF1-13 were constructed and tested for susceptibility to tobramy- N) does not restore the susceptibility to tobramycin of this strain to the wild-type level. (C) Inactivation of brlR in isolate CF1-13 increases the susceptibility of this strain to tobramycin, while inactivation of brlR in isolate CF1-8 has no effect. Strains were grown planktonically to the exponential phase and treated with 50 g/ml tobramycin for 1 h. *, significantly different (P Ͻ 0.001) from CF1-13 as indicated by t test.
cin. Inactivation of brlR in clinical isolate CF1-8 resulted in no difference in susceptibility between the mutant and parental strains (Fig. 7C) . In contrast, inactivation of brlR rendered clinical isolate CF1-13 significantly more susceptible than the parental strain (Fig. 7C) .
DISCUSSION
Biofilm bacteria exhibit a profound tolerance of various antimicrobial agents, rendering biofilm cells 10-to 1,000-fold less susceptible than the same bacteria grown in a planktonic (free-floating) culture (34) . The underlying cause of this resilience has been considered to be multifactorial and unlike mechanisms that confer resistance to cells grown planktonically. Here we demonstrate that the antimicrobial tolerance of P. aeruginosa biofilms is dependent on BrlR, a member of the MerR family of transcriptional regulators. BrlR was found to be closely related to regulators that play a role in tolerance to antibiotics in Gram-positive bacteria, including BmrR, BltR, and MtaN from B. subtilis and TipA from S. lividans. A common feature of these regulators is activation of the expression of multidrug transporters upon binding of the transporter substrate. BmrR is induced upon exposure to rhodamine and tetraphenylphosphonium, BltR is induced upon exposure to rhodamine, and TipA is induced upon exposure to thiostrepton (1, 9, 13, 30, 51, 72) . Inducers of the global activator Mta are not known (29, 30) . While further research is required to determine the exact mechanism by which BrlR confers protection from antimicrobial agents, including the identification of downstream targets and/or potential multidrug efflux pumps, it is apparent that BrlR is unique among the MerR regulators, as BrlR only plays a role in the antimicrobial tolerance of biofilms. To our knowledge, BrlR is the first MerR regulator identified in a Gram-negative bacterium that has been linked to antibiotic tolerance, and unlike previously described MerR proteins, it is expressed in a growth mode-specific manner.
While the recalcitrance of biofilms to antimicrobials has often been compared to the tolerance of planktonic cells grown to stationary phase, our findings indicate that different mechanisms are at work. This is apparent from the observed difference in susceptibility when the ⌬brlR mutant is grown as a biofilm and planktonically to stationary phase, with the recalcitrance of the biofilm being distinct from the antimicrobial tolerance seen during the stationary phase. Considering that the formation of persister cells has been attributed to the tolerance phenotypes of both stationary-phase and biofilm-grown bacterial cells, our findings suggest that the function of BrlR is independent of mechanisms contributing to persistence. Moreover, while our findings do not exclude previously described mechanisms such as slow growth or increased Psl or glucan production contributing to biofilm drug tolerance (the relationship of which to BrlR-mediated tolerance will be the subject of future studies), we demonstrate the presence of a regulatory component to biofilm drug tolerance.
Resistance is the ability of a microorganism to grow in the presence of an elevated level of an antimicrobial agent, as indicated by an increased MIC. Many reports have shown that by this convention, biofilm cells do not display growth in the presence of an antimicrobial agent at concentrations inhibitory to planktonic cell growth (40, 63) . Instead, the reported "resistance" describes an increased tolerance of cells to killing (40, 63) . Here we demonstrate that BrlR contributes to the tenacity exhibited by P. aeruginosa biofilms against antimicrobial compounds in two different ways. For one, BrlR lowered the susceptibility to hydrogen peroxide and five different classes of antibiotics by increasing the MICs up to 6-fold. In addition, BrlR contributes significantly to the recalcitrance of biofilms to eradication by microbicidal antimicrobials, as biofilms of bacteria with brlR inactivated were completely killed by microbicidal antimicrobials at concentrations inhibitory to planktonic cell growth. Thus, our findings strongly suggest that biofilm drug tolerance is due not only to increased recalcitrance to eradication by microbicidal antimicrobials but also to the ability of biofilms to grow in the presence of increased concentrations of microbicidal antimicrobials.
Trunk et al. (71) reported increased brlR expression under oxygen-limiting conditions. While brlR expression levels increased only 2.3-fold, the finding suggested that oxygen limitation present in biofilms is a possible reason for the biofilm-specific expression of brlR. Likewise, a 2.3-fold increase in brlR levels was noted upon the addition of pyocyanin to P. aeruginosa PA14 grown exponentially (21) . Here, increased brlR expression was detectable in P. aeruginosa PAO1 biofilms and in three clinical isolates under both planktonic and biofilm growth conditions. While the mechanism that results in biofilm-specific brlR expression remains to be elucidated, this finding suggests a selection for increased expression of brlR in vivo. This raises the question of why BrlR has not been found to contribute to biofilm antimicrobial tolerance in previous studies (8, 12, 23, 24, 28, 40, 42, 76) . On the basis of our findings, BrlR appears to be active only under biofilm-specific growth conditions and not under planktonic growth conditions. Moreover, most studies make use of MBC assays with microtiter plate-grown attached cells. Under these growth conditions, brlR expression was not detectable in P. aeruginosa, suggesting a requirement for the transition to specific biofilm maturation stages (perhaps irreversible attachment) for the induction of brlR expression.
In summary, we show that the tolerance of biofilm to antimicrobial agents is a regulated process and at least in part dependent on BrlR, which is expressed in a biofilm-specific manner. While our findings do not exclude the contribution of previously described mechanisms, including slow growth and diffusion limitation, to antibiotic tolerance of biofilms, our findings of a genetic determinant playing an important role in biofilm drug tolerance suggest the existence of a classical, biofilm-specific mechanism of drug tolerance in P. aeruginosa and may open up avenues for therapeutics of biofilm-related complications in medical, industrial, and environmental settings.
